Eucalyptus globulus wood chips were subjected to autohydrolysis pretreatment at 175ºC at three different residence times. Part of the recovered solids were submitted to alkaline extraction with NaOH solution to remove leachable lignin. The chemical composition of the fibrous material was analyzed by HPLC, Py-GCMS and 2D-NMR HSQC, while morphological changes were evaluated by SEM and LSCM. The pretreated materials were hydrolyzed with cellulases at a substrate loading of 10% (w/v) for up to 72 h. Glucose yields (based on dry wood) obtained in the enzymatic hydrolysis ranged between 38% and 65%, depending on reaction time in the autohydrolysis pretreatment. After the alkaline extraction, no significant change was observed in the yields in the enzymatic hydrolysis at 72 h, but at the lower severities, the initial rates of saccharification increased. The main effect of the hydrothermal pretreatment was removal of hemicelluloses, resulting in enriched cellulose pulps. SEM and LSCM images of the hydrothermal pretreated samples showed a disruption of the fiber surface, mainly in those samples obtained at the higher severity. Py-GC/MS and HSQC analysis showed that no major changes in the lignin structure occurred in the samples obtained by autohydrolysis and further alkaline extraction. By autohydrolysis at the higher severity (So=4.02), the lateral chains in lignin were cleaved and the formation of lignin droplets was observed. Hemicelluloses removal and lignin redeposition as droplets in certain regions of the fiber surface was associated with the higher accessibility of cellulose and the yield increase of the enzymatic hydrolysis.
INTRODUCTION
Enzymatic hydrolysis of cellulose is one important step for bioethanol production from lignocellulosic biomass (LCB) 1;2;3 . Conversion of LCB, particularly wood, to ethanol is difficult owing to the ultrastructure's resistance to breakdown and also, the presence of lignin and hemicelluloses, represent a barrier to the accessibility of the enzymes to cellulose, resulting in the recalcitrance to biochemical conversion to sugars, making necessary a pretreatment for fractionation and disaggregation of LCB components 4, 5 . Pretreatments used included physical, chemical and thermal methods, and also their combinations 6, 7 . Depending on the feedstock and pretreatment conditions, several properties of the biomass are altered and affect, at different extent, the recalcitrance of the pretreated material. Different factors have been considered affecting the enzymatic hydrolysis yield, among them are the lignin content and structure; the content of hemicelluloses, acetyl and uronic groups; the cellulose cristallinity and degree of polymerization, specific surface area, pore volume and particle size are also mentioned 8, 9, 10 . Once the structure of the biomass is disrupted, the carbohydrates can be converted to monomeric sugars that are suitable for fermentation 11 . The identification and quantification of the main factors that can hinder or enhance the production of bioethanol from LCB is fundamental and subject of several studies.
In previous studies, it was observed that the lignin content is correlated with cellulose accessibility, being a barrier to the enzymatic hydrolysis, by blocking the accessibility of the enzymes to the cellulose microfibrils 12, 13 . Lignin also tends to irreversibly bind the enzymes through hydrophobic interactions causing a loss in cellulases activities 14, 15, 16 .In addition, during the pretreatment step lignin suffer changes in its structure and the effects on the enzymatic hydrolysis of cellulose are not completely understood 17, 18 . For instance, the chemical removal of lignin after dilute acid pretreatment reduced the cellulose conversion possibly due to the aggregation of cellulose microfibrills in bundles that hindered the enzymes penetration 6, 19 . On the other hand, Zhu et al. 20 removed xylans from hardwood species improving the enzymatic digestibility of the substrate due to dissolution of acetyl and uronic acid groups, while the lignin removal was not the most important factor for enhancing cellulose hydrolysis.
Autohydrolysis (also called hydrothermal pretreatment) uses water at relatively high temperatures (140-200°C) under mild acidic conditions to partially fractionate LCB in a water-soluble fraction (with hemicelluloses and soluble lignin) and a water-insoluble fraction (mainly cellulose and insoluble lignin) 21, 22 . The hemicelluloses are degraded to mono-and oligosaccharides leaving a pulp with the cellulose more susceptible to enzymatic hydrolysis 23, 24 . Autohydrolysis pretreatment fails to remove high amounts of lignin, but the structure and distribution of this macromolecule over and inside the cell walls is altered, and has been demonstrated that, in some cases, it can affect the enzymatic access to the cellulose 25 . Some authors have reported that after hydrothermal and diluted acid pretreatments, the glucose yields from enzymatic hydrolysis was higher even when the lignin removal was minimal 19, 26 . Many researchers have indicated that the combination of processes such as autohydrolysis and alkaline washing could increase the accessibility of cellulose to the enzymatic hydrolysis by removing recalcitrant lignin, improving the cellulose digestibility 24, 27, 28 . Treatments with alkaline solutions on pretreated LCB cause the cleavage of ester bonds between lignin and hemicelluloses, increasing the porosity of the fibers 29, 30 . However, it is unclear from where lignin is removed and what structural changes occur that can explain the higher accessibility and digestibility of cellulose. To contribute to the understanding of this important process, in this work, it was evaluated the pretreatment of Eucalyptus globulus wood chips by autohydrolysis followed by alkaline extraction in order to determine how the lignin structure and its distribution over the fibers affect the enzymatic saccharification of cellulose.
EXPERIMENTAL

Raw material
Eucalyptus globulus wood chips were obtained from a commercial plantation of a Chilean forest company located in the Biobío Region (Southern Chile). The wood chips (2.5 x 1.5 x 0.2 cm) from 12 year-old trees were thoroughly mixed to obtain a single uniform sample, air-dried until approximately 10% moisture, and stored in dry conditions before use.
Autohydrolysis pretreatment
The pretreatments were carried out in a rotary digester equipped with four independent 1.5-L vessels (REGMED, Brazil). The reactor was loaded with 100 g of wood chips, previously impregnated with distiller water for 12 h, and treated with hot water (1:4 w/v wood-water ratio) at 175°C for 15, 30, and 60 min, corresponding to severities (S o ) of 3.69, 3.81 and 4.02, respectively. S o was calculated according to Sixta et al. 31 . After cooking, the pretreated material (pulp) was disintegrated in a TAPPI laboratory blender, thoroughly washed with tap water, and centrifuged. The total pulp yield was determined based on the weight of the pulp divided by the weight of the wood chips (both on a dry basis) multiplied by 100. The pretreated samples were stored in plastic bags at 4°C until further use.
Alkaline extraction
Pulps obtained from the autohydrolysis pretreatment were subjected to an alkaline extraction with NaOH (aq.) 8% (p/v) at 1:10 (w/w) pulp/solution ratio (on dry pulp basis), at 40ºC for 14 h, to remove leachable lignin. The alkaline extraction material was washed with water until pH 5.5. The pulps were centrifuged to 35% consistency and stored at 4ºC until use.
Chemical characterization of wood and pretreated samples
Milled wood samples (40/60 mesh) were extracted with ethanol/toluene according to the TAPPI method 204 cm-97. Chemical characterization of extracted wood and pulps was determined according to the methodology described by Ferraz et al. 32 . A sample of 300 mg was weighed in test tube and 3 mL of 72% (w/w) H 2 SO 4 was added. The hydrolysis was carried out in a water bath at 30°C for 1 h with stirring every 10 min. Subsequently, the acid was diluted to 4% (w/w) with 84 mL of distilled water, and the mixture was transferred to a 250-mL Erlenmeyer flask and autoclaved for 1 h at 121°C. The residual material was cooled, filtered through a number 4 sintered glass filter and washed with water. The solid fraction (insoluble lignin) was dried at 105°C and weighed. The acid-soluble lignin was determined by measuring the absorbance at 205 nm using 110 L g -1
cm
-1 as the absorptivity. Total lignin was the sum of the soluble and insoluble lignin. The concentration of monomeric sugars in the soluble fraction was determined by high-performance liquid chromatography (HPLC) with a refractive index detector and Aminex HTX-87H column (BioRad, USA) at 45 ºC with a mobile phase of 0.005 mol L -1 H 2 SO 4 and a flow rate of 0.6 mL min -1 . Glucose, xylose, arabinose and acetic acid were used as external calibration standards. Hydrolysis factors used for the conversion of glucose to glucans, xylose to xylans, arabinose to arabinosyl groups and acetic acid to acetyl groups were 0.9, 0.88, 0.88 and 0.72, respectively. All samples were analyzed in triplicate.
Enzymatic hydrolysis
The pretreated pulps (with and without NaOH extraction) were enzymatically hydrolyzed in 250-mL Erlenmeyer flasks at 10% (w/v) consistency in sodium citrate buffer solution (pH 4.8, 0.05 mol L -1 ) using commercial cellulases enzymes (NS-22128 CCN03128; 71 FPU mL ) at 50°C in a shaker at 150 rpm for 72 h. The enzyme dosages per gram of dry material were 20 FPU and 20 CBU of cellulase and β-glucosidase, respectively. The content of glucose released was analyzed by HPLC. The yield was expressed as the percentage of glucose released in the enzymatic hydrolysis divided by the total amount of glucose available in the pretreated material. All measurements were performed in triplicate.
Analytical pyrolysis (Py-GC/MS)
Samples (approximately 150 μg) of E. globulus wood and pulps obtained by different autohydrolysis conditions were subjected to analytical pyrolysis using a 2020 micro-furnace pyrolyzer (Frontier Laboratories Ltd.) connected to an Agilent 6890 gas chromatograph with an Agilent 5973 (Agilent Technologies Inc., USA) mass selective detector operated in electron impact ionization mode (EI at 70 eV). The system was equipped with a DB-1701 fused-silica capillary column (30 m x 0.25 mm i.d., 0.25 μm film thickness). The pyrolysis was performed at 500ºC and the GC oven temperature was programmed from 50ºC (1 min) to 100ºC at 30ºC min -1 and then to 290ºC (10 min) at 6ºC min -1 . Helium was the carrier gas (1 mL min -1 ). The compounds were identified by comparing their mass spectra with those from Wiley and NIST libraries, as well as, with those reported in the literature 33, 34 . Peak molar areas were calculated for the lignin-degradation products, the summed areas were normalized, and the data for two repetitive analyses were averaged and expressed as percentages. No attempt was made to calculate the response factor for every single compound released in the pyrolysis.
2D-NMR spectroscopy
Dry pretreated materials were ball-milled using a Retsch PM100 vibratory ball mill vibrating at 600 rpm in zirconium dioxide (ZrO 2 ) vessels (50 mL) containing ZrO 2 ball bearings (10×10 mm). Each 200 mg of sample was ground for 1 h (in 10 min on/5 min off interval cycles). The ball-milled pretreated material (approximately 50 mg) was transferred into 5 mm NMR tubes. The sample was distributed as well as possible off the bottom and up the sides of the tube. DMSO-d 6 :Pyridine-d 5 (4:1, v/v) was carefully added down the side of the NMR tube. The NMR tube was sonicated for 30 min until the turbid gel began to clear and was apparently homogeneous according to the method developed by Kim et al. 35 . The 2D heteronuclear single quantum coherence (HSQC) spectra were recorded at 25ºC on a Bruker AVANCE 700 MHz spectrometer fitted with a cryogenically cooled 5 mm gradient probe with inverse geometry using Bruker's standard pulse sequence.
Scanning electron microscopy (SEM)
Fiber surface analyses of pretreated samples before and after alkaline extraction were performed by SEM using a Jeol JSM-6380LV instrument under a high vacuum operating with a secondary electron detector. The samples were dried at room temperature and coated with conductive gold paint with a 500 Å particle size in a S150 Edwars Sputter Coater. Imaging was performed at a beam accelerating voltage of 20 kV with tungsten filament as the electron source. 
Laser scanning confocal fluorescence microscopy (LSCM)
A
RESULTS AND DISCUSSION
Chemical composition
Yield of solids and chemical characteristics of wood and autohydrolysis' pulps of E. globulus samples are summarized in Table 1 . Autohydrolysis is an effective pretreatment method to reduce LCB recalcitrance by removing hemicelluloses, disrupting lignin-hemicellulose matrix and redistributing lignin in the cell wall layers. Alkaline extraction or washing can remove leachable lignin accumulated on the surface of the fiber after the hydrothermal treatment. The yield of solids after autohydrolysis (87.5-74.9%) decreased by approximately 20% after alkaline extraction (66.1-55.6%) ( Table 1 ). The content of xylans decreased from 14.4 in the raw material to 9.0%, 6.1% and 3.7% in the pulps obtained at S 0 =3.69, 3.81 and 4.02, respectively, being the xylans retention [xylans amount in the solid/xylans amount in the raw material] between 76,1-28.8% and, after the alkaline extraction, the xylans retention was 34.6-25.7%. The content of acetyl groups was 3.4% in the raw material, while in the pulps were 1.8, 1.1 and 0.7% in the pulp obtained at S 0 =3.69; 3.81 and 4.02, respectively, and were not detected in the alkaline extracted pulps. The content of glucans in pulp basis varied between 53.1 and 62.5%, depending on the severity, and increased after alkaline extraction, with yields between 70.5% and 83.4%. In wood basis [(yield of solids/100)*glucans amount], no glucans losses were observed with retention higher than 99% in the pretreated pulps (with and without alkaline extraction). Lignin content in the pulps after autohydrolysis, independent of the severity, was similar to that present in the untreated wood (~24%), representing a lignin retention [(lignin amount in solids/lignin amount in the raw material)*100] between 84.4 and 71.1%. After alkaline extraction, the lignin content in the pulp was reduced to 18.5%, 14.5% and 7.9% for severities S 0 =3.69, S 0 =3.81, S 0 =4.02, respectively, being the lignin retention between 26.1 and 17.8%.
Enzymatic Hydrolysis
Pulps obtained from autohydrolysis pretreatment at different severities, with and without alkaline washing, were used as substrate for enzymatic hydrolysis to assess the cellulose digestibility (Figure 1) . After 72 h, samples achieved glucans to glucose conversion conversions [(glucose released by enzymatic hydrolysis/glucose in the raw material)*100] of 37.9, 57.9 and 64.6%, for severity factors of 3.69, 3.81 and 4.02, respectively. The conversions for the pulps submitted to the alkaline extraction were approximately the same as the unextracted samples. Only at the lower severities there is an increase in the hydrolysis rate at intermediate time (Fig. 1) , but the final value achieved for cellulose saccharification was similar.
Some authors suggested that a partial delignification enhanced the cellulose digestion by enabling enzyme access to the cellulose 6, 36, 37 . In the present work, the removal of leachable lignin does not affect the yield of saccharification, suggesting that the lignin content per se it is not the only factor affecting cellulose hydrolysis. Other parameters should be taken into account, such as lignin structure and distribution in the pretreated fibers. Figure 2 and Figure 3 showed the SEM and LSCM images, respectively, of the autohydrolysis pretreated samples obtained at different severities, with or without alkaline extraction. In the SEM images, it is observed that the surface of the pretreated material was not disrupted in the samples obtained at S o = 3.69 (Fig. 2a) , and as the severity increases (S o = 3.81 and S o = 4.02), the fibers started to be peeled off the surface (Figs. 2b and 2c) . Particularly, in Fig. 2c , with the disaggregation of the fibers, small droplets of lignin are observed over the fibers. With the alkaline washing, these droplets are removed from the fibers. The formation of discrete lignin droplets on the cell wall surface is in concordance with the reported by others authors that also used hydrothermal pretreatments for LCB 38, 39 . In the LSCM images (Fig. 3) , due to the lignin intrinsic autofluorescence (530 nm), it is possible to localize the lignin on the cell wall. In this case, it is also observed small droplets inside the fibers (Fig.  3c ) that were removed and not observed in the alkaline extracted sample. The main effect of the autohydrolysis pretreatment is the removal of hemicelluloses and a partial fragmentation of the lignin with a slight delignification. As the pretreatment severity increases, the cleavage of bonds in the lignin-carbohydrate complex is increased, and free hydrophobic lignin molecules in a hydrophilic medium are forced to recondense, forming small spheres or droplets that are redeposited not only on the external surface of the fiber, but also inside the fibers. The relocalization of lignin in the hydrothermal pretreatment is likely to be as important as lignin removal to improve digestibility of cellulose by opening up the structure of the cell wall matrix, as also reported Donohoe et al. 38 . 
Lignin distribution
Py-GC/MS
Structural characteristics of lignin have also been considered an important factor to explain the variations in LCB saccharification after a pretreatment step. Depending on its relative abundance and distribution, as well as, the abundance of linkages and the syringyl/guayacil (S/G) ratio, lignin presents different reactivity that affects the digestibility of biomass. The abundance of S and G monomers in lignin structure of autohydrolysis samples of E. globulus was evaluated by means of analytical pyrolysis (Py-GC/MS), which is a thermochemical technique that can provide structural and compositional information of biomass 34 . Figure 4 shows the pyrograms obtained for the different samples analyzed and Table 2 lists the peak assignments for the most representative compounds obtained from the lignin degradation during sample pyrolysis that were associated with S-type and G-type monomers. The lignin side chains were not oxidized by autohydrolysis or by subsequent alkaline extraction. The S-type aldehyde units and G-type ketone units, present in the starting material, were removed by alkaline extraction; S-type units having ketone groups in the lateral chain were not removed. By autohydrolysis, both S and G long side chains were degraded, the intensity of its signals decreased as the severity was increased. While, the intensity of the signals of the units with small side chains, such as syringol, increased as the severity was increased. By alkaline extraction units with small side chains, like syringol, methyl syringol and guaiacol, were not removed. Formation of new structures was not observed in any of the pretreated samples. S/G ratio ranged between 6.7 and 6.3 for the samples obtained by autohydrolysis and between 6.0 and 6.1 for the alkaline extracted samples. Despite the small difference, it was not significant in comparison with S/G ratio of untreated samples (6.5) indicating that no preferential hydrolysis and/or condensation of S or G units occurred under the employed conditions. 
2D NMR-HSQC
Solution-state two-dimensional (2D) nuclear magnetic resonance (NMR) gives an interpretable structural fingerprint of the lignin and carbohydrate components of the cell wall without structural modification beyond that applied during the ball milling and ultrasonication steps. This approach constitutes a rapid method to compare the structural characteristics of lignin and oligosaccharides 35, 40 . The HSQC NMR (1-bond 13 C-1 H correlation) spectra of lignin from E. globulus pulps obtained via autohydrolysis pretreatment and alkaline extraction are shown in Figures 5 and 6 . The signals were assigned using a published database 41 .
The β-aryl ether A a contour (light blue, Fig. 5 ) is observed in all the hydrothermal pretreated samples, but he contour is smaller in the sample obtained at the higher severity (S o = 4.02), giving qualitative evidence of the cleavage of β-aryl ether bonds. These signals decreased after alkaline extraction, which could indicate the presence of such units in the leachable lignin removed by the alkaline process. Many studies have indicated that the cleavage of β-O-4' units is the most important reaction during the acidic pretreatment of hardwoods, forming new phenolic lignin units and Hibbert's ketone type substructures 6, 7, 42 . The formation of phenolic units is an important change in the lignin structure to improve the enzyme accessibility to cellulose substrate for further enzymatic hydrolysis 43 . Furthermore, β-aryl ether cleavage can result in new and more stable bonding, such as the C-C in the lignin structure 9, 44 . Substructures types resinol (purple, Fig. 5 ) are fairly stable 6, 9, 41, 45 and withstand the hydrothermal pretreatment, even at elevated severities, but the intensity of these signals decreased by the alkaline extraction, possibly because the lignin with such units were redeposited on the surface of the fiber and were removed in the alkaline washing. Also, the oxidized lignin at α position was eliminated in the alkaline extraction. Terminal groups units, such as cinnamyl alcohol, (pink, Fig. 5 ) were degraded by autohydrolysis, being not observed in the samples obtained at the higher severity. Such subunits were not removed by the alkaline extraction. The amount of acetylated xylans (orange, Fig. 5 ) was reduced during autohydrolysis pretreatment, and the intensity of these signals decreased by increasing the severity, and also by the alkaline extraction (it was observed a preference for removing the acetyl groups in the C 3 of the xylans, and deacetylation of the anomeric carbon). This change is expected for the progressive removal and deacetylation of hemicelluloses, which was confirmed based on the decrease and disappearance of the acetyl cross peaks as the severity increased at δ C /δ H 20.9/2.01 (not shown). The LCB deacetylation contributes to the enzymatic digestibility of cellulose in the pretreated material, which is consistent with that reported by Zhang et al. 46 , who observed that the removal of acetyl group in wheat straw and giant reed improved the accessibility of cellulases to cellulose.
The aromatic rings of lignin units are the main cross-signals. Syringyl units (S, dark green, Fig. 6 ) with correlation signals (C 2,6 -H 2,6 ) were observed at δ C /δ H 104.2/6.8 for all samples, independent of the severity at which samples were obtained and the respective alkaline extraction. The guaiacyl units (G, red, Fig. 6 ) correlated with the 2-positon (C 2 -H 2 ) at δ C /δ H 111/7.0, with the five position (C 5 -H 5 ) at δ C /δ H 115/6.7-7.0, and with the C 6 -H 6 (δ C /δ H 119/6.8) 41 , C2 and C6 position G units decreased with alkaline extraction. These results agree with those obtained with the analytical pyrolysis where no major change was observed with respect to the chemical composition of lignin after autohydrolysis pretreatment and subsequent alkaline washing. 
CONCLUSIONS
Based on the results obtained, the accessibility to the cellulose by the enzymes during the saccharification of pulps obtained by the autohydrolysis process using different pretreatment severities and with or without alkaline washing could be attributed to the decrease in the content of xylans and, the changes in structure and redistribution of the lignin over the fibers. These resulted in a decrease in the recalcitrance of lignin and an increase in the porosity and contact area of the enzymes with cellulose. Under the conditions studied, the lignin is more recalcitrant when remained homogeneously distributed in the cell wall than when heterogeneously redistributed as droplets, which allows a better access to the cellulose by the enzymes. The process is slightly faster when applying a removal of the leachable lignin by alkaline treatment; however the effect in the final results (glucans to glucose conversion) was not significant.
